A point mutation (D136G) predicting the substitution of glycine for aspartata in position 136 of the human muscle cr channel (hCIC-1) causes receselve generalized myotonia. Heterologous expression of a recombinant D136G produces functional cr channels with profound alterations in voltage-dependent gating, without concomitant changes in pore properties. The mutant exhibits slowly activating current upon hyperpolarization, in contrast to wild-type channels, which display time-dependent current decay (deactivation) at negative membrane potentials. Steady-state activation of D136G depends upon the tranemembrene CI-gradient, reaching zero at voltages positive to the CI-reversal potential in physiological cr distribution. This explains the reduced sercolemmal CI-conductance that causes myotonia. The functional disturbances exhibited by D136G may stem from a defect in the CIC-1 voltage sensor.
Introduction
Voltage-gated CI-channels are essential for a variety of physiological functions in both excitable and nonexcitable cells. In skeletal muscle, CI-channels are responsible for an unusually high resting membrane CI-conductance, which is essential for maintaining normal sarcolemmal excitability (Bretag, 1987) .
Recently, a new gene family of voltage-gated CI-channels (CIC family; Jentsch, 1994) has been defined by molecular cloning of cDNAs encoding isoforms from several mammalian tissues (Steinmeyer et al., 1991b; Thiemann et al., 1992; Uchida et al., 1993; Adachi et al., 1994; Kawasaki et al., 1994; van Siegtenhorst et al., 1994) . These various CIC isoforms exhibit homology with the CI-channel expressed in the Torpedo electric organ (CIC-0; Jentsch et al., 1990) . Members of this class of proteins have no significant homology with other ion channels, especially other CI--transporting molecules. CI-channels belonging to the CIC family lack an obvious voltage sensor motif analogous to the $4 helix that exists in voltage-gated cation channels (K ÷, Na ÷, and Ca2+), and therefore are likely to have unique structures involved in sensing membrane potential. The identity of the CIC voltage sensor is unknown at present.
The principal mammalian skeletal muscle CI-channel isoform (CIC-1) has been identified in rat, mouse, and human muscle (Steinmeyer et al., 1991 (Steinmeyer et al., a, 1991 Koch et al., 1992) . The physiological importance of this channel has been emphasized by the discovery of mutations in both mouse and human CIC-1 (hCIC-1) in a rare hereditary phenotype known as myotonia congenita (Steinmeyer et al., 1991a Koch et al., 1992; George et al., 1993 George et al., , 1994 Heine et al., 1994; Lorenz et al., 1994) . Myotonia is a condition of skeletal muscle in which hyperexcitability of the sarcolemma leads to generation of repetitive action potential.~ and to delayed relaxation following voluntary contractions (ROdel and Lehmann-Horn, 1985) . Most hCIC-1 mutations that cause recessive myotonia might be expected to result in loss of function . One missense mutation has been described that causes an unusually severe myotonic phenotype (Heine et al., 1994) . This mutation results in the substitution of glycine for an aspartate residue (D136G) located within the first transmembrane segment of hCIC-1, which is conserved in many known CIC isoforms. The phenotype associated with the D136G mutation is more severe than that associated with frameshift mutations in which complete absence of functional channel protein is expected (Heine et al., 1994) . This observation raises the possibility that the D136G mutation may result in a change of function that has more severe consequences than simple loss of channel activity. We chose to study the functional consequences of the D136G mutation using a recombinant hCIC-1 to evaluate the importance of the D136 residue and to determine the biophysical basis of myotonia associated with this mutant allele. Our findings demonstrate that this residue is essential for the normal voltage-dependent gating of hCIC-1 and lead us to postulate that D136 may be a component of the CIC voltage sensor. Figure 1 shows a comparison of current recordings of wildtype (WT) hCIC-1 (A and C) and D136G (B and D) expressed in either HEK 293 cells (A and B) or Xenopus laevis oocytes (C and D). Functional WT and D136G channels express well in both heterologous systems. In oocytes, peak current amplitudes measured with voltage steps to -135 mV from a holding potential of -30 mV were 5.3 _ 2.1 t~A (n = 10) for WT and 1.7 _.+ 0.7 I~A (n --10) for D136G-injected cells. In stably transfected HEK 293 cells, peak current amplitudes elicited at -135 mV were 6.2 + 2.9 nA (n = 10) and 5.6 _.+ 4.9 nA (n = 9) for WT and D136G-expressing cells, respectively. The functional characteristics of WT hCIC-1 closely resemble those of other expressed recombinant CIC-1 channels (Steinmeyer et al., 1991b; Pusch et al., 1994) and native skeletal muscle CI-channels (Fahlke and RQdel, 1995) , but the D136G mutant exhibits fundamental differences in gating properties. Whereas WT channels exhibit rapid deactivation upon stepping from a holding potential of -30 mV to more negative potentials, currents recorded from D136G-expressing cells using the same pulse protocol slowly activate with time. cation, with the complete absence of steady-state outward current under these conditions ( Figure 2B ). With low internal CI-(14 raM), the instantaneous current-voltage relation of D136G is almost linear, with a conductance of <1 nS, which probably represents a leak conductance. At all tested potentials, the mean steady-state current values are greatly reduced at [CI-]~ = 14 mM, as compared with [CI-]i --134 mM ( Figure 2B ). Moreover, current activation, represented as a larger steady-state compared with instantaneous current amplitude, occurs only at potentials negative to -65 mV in low [CI-]~ ( Figure 2B ).
Results

Expression of Wild-Type and Mutant hClC-1
The absence of outward current in the mutant channel can be attributed to abnormal gating behavior. After an activating prepulse to -85 mV, the instantaneous current amplitude was increased over the entire voltage range, and the current became outward at positive test potentials ( Figure 2C ). Deactivation occurs at test potentials positive to -85 mV with a similar time course as the activation process. At positive potentials, deactivation is completed in less than 2 s ( Figure 2C ). This voltage-dependent channel closing at voltages positive to the Ec~ explains the absence of steady-state outward current at these potentials ( Figure 2D ).
The dramatic difference between WT and D136G hCIC-1 gating properties prompted consideration that the currents observed in D136G-expressing cells were conducted by an endogenous CY channel. Two lines of evidence help to dismiss this possibility. First, currents with characteristics of either WT or D136G were never obsewed in nontransfected HEK 293 cells or uninjected oocytes. In data collected from 110 D136G-injected Xenopus oocytes obtained from seven different females, 85% of cells exhibited hyperpolarization-activated CI-currents similar to those shown in Figure lB . In a few oocytes, hyperpolarization elicited a slowly deactivating current having the kinetic properties described for Ca2+-activated CI-currents, including partial block by external Co ~+ (Barish, 1983; Miledi, 1982; Parker and Miledi, 1988) or niflumic acid (White and Aylwin, 1990) . The mean amplitude of this current was only 0.4 + 0.3 p~A (n = 8) at -135 mV. In nontransfected HEK 293 cells, voltage steps from -30 mV in either the hyperpolarizing or depolarizing direction occasionally elicited an outwardly rectifying current with gating properties similar to a recently described volume-activated epithelial CI-current (Frizzell and Morris, 1994) . This current was clearly distinct from those seen in WT or D136G-transfected cells. Careful adjustment of iso-osmotic internal and external solutions prevented the occurrence of this type of current. The second line of evidence is the similarity of the results of D 136G expression in HEK 293 cells and Xenopus oocytes. These observations support the notion that D136G produces functional CIchannels with altered gating properties.
Kinetic Analysis of WT and D136G Gating
Quantitative analysis of channel kinetics was used to describe further the differences between WT and D136G gating. Because whole-cell recordings on transfected cells allowed us to control the transmembrane potential and the ionic composition of both intra-and extracellular solutions, these experiments were performed exclusively in stably transfected HEK 293 cells.
Currents conducted by WT channels deactivate upon hyperpolarization, with a time course that could be described by the sum of two exponentials and a timeindependent constant ( Figure 3A) . The time constants (~1 and t2) are voltage independent ( Figure 3C ), but the relative weights of the amplitudes of the fast deactivating current (A1; open circles), the slowly deactivating current (A2; open triangles), and the steady-state current (C; open squares) depend strongly on the test potential ( Figure 3E ). In contrast, currents exhibited by D136G-expressing cells activate upon hyperpolarization. The time course of activation could also be fit with a sum of two exponentials, with time constants that vary exponentially with the test potential ( Figure 3B ). The degree of voltage dependence is identical for both the fast and the slow time constant (80.1 mV per ~-fold change, calculated as the inverse slope of the line plotted in Figure 3D , corresponding to the movement of 0.32 eo over the entire membrane). Also, unlike WT hCIC-1, the relative weights of the three components (A1, A2, and C) are voltage independent ( Figure 3F ).
A further difference in the gating properties of WT and D136G channels was noted when deactivation and activation, respectively, were studied in currents recorded at a fixed test potential that was preceded by a variable prepotential. For WT channels, the test potential was -125 mV, and the variable prepotentials were -145, -65, and -15 mV. Superposition by linear transformation of the two responses obtained with prepotentials of -65 and -15 mV revealed that the preceding potential influences the time course of deactivation ( Figure 4A ); the percentage of slowly deactivating channels increased when the prepotential was less negative. With the -65 mV prepotential, the current decay at the test potential is monoexponential, whereas after a step to -15 mV, a second current component is present.
In cells expressing D136G channels, the experimental pulse program was changed to account for activation; i.e., the test potential was -145 mV, and the variable prepotentiais were -125, -65, and -15 mV. The corresponding linear transformation of the two smaller responses to the size of the response obtained with a prepotential of -125 mV demonstrated that the prepotential does not affect the time course at this test potential ( Figure 4B ). Neither the time constants nor the fraction of fast and slow activating channels varies with the prepotential.
Fast Activation Steps Are Absent in D136G Channels
Mutant channels lack a fast voltage-dependent gating process exhibited by WT hCIC-1. This is revealed by the experiment illustrated in Figure 5A . Channels are first conditioned by a deactivating step to -130 mV for 546 ms and then exposed to a brief 0.4 ms prepulse of varying potential before a final test pulse to -145 inV. A plot of the instantaneous current versus prepulse potential shows that a brief prepulse following the deactivating conditioning pulse to Thus, upon stepping from 0 mV in the hyperpolarizing direction, deactivation of WT channels is slower than the aforementioned fast activation step, and this is probably mediated by a different process. In contrast, D136G channels do not exhibit fast gating processes ( Figure 5B ). Plots of the instantaneous current amplitudes demonstrate that the mutant channel is not activated by brief (0.4 ms) prepulses after conditioning to either -130 mV (closed symbols) or 0 mV (open symbols) ( Figure 5D ). Rather, activation occurs with longer hyperpolarizing voltage steps (40 ms), as expected from the previous description of D136G gating properties.
Dependence of Gating Properties on the CI-Gradient
The results illustrated in Figures 2A and 2B prompted us to investigate the influence of various transmembrane CIconcentration gradients on the gating properties of WT and D136G channels. Steady-state activation curves were determined by plotting the normalized instantaneous currents, determined at a fixed test potential following a variable prepotential, against the prepotential values (Hodgkin and Huxley, 1952) . With a test potential of -125 mV, this type of plot yields the voltage dependence of the relative open probability (Po~,). Data were fit with Boltzmann distributions as described in Experimental Procedures, and values were derived for the inflection point (Vo.5) and inverse slope factor (kv). Four different CI-gradients were applied: In contrast to w'r hCIC-1, activation of D 136G is strongly coupled to the CI-gradient. This is best shown by plots of Vo5 and minimum Popen versus the calculated Ec~ ( Figures  6C and 6D ). Whereas for WT channels Vo.s is independent of Ec~ when Ec~ is negative, for D136G channels it varies linearly with Ec~ (r 2 = 0.94), The effect of varying Ec~ on the minimum relative Popen was similar for both WT and D136G channels ( Figure 6D) ; the Popen increases with more positive Eo.
The linear correlation of the activation curve with Ec~ as well as the change of the slope factor, kv, observed for D136G channels (see Table 1 of the mutant channel. The increase in Popen at potentials negative to the Ec~ ( Figure 6B ) requires that this ion enter the pore from the cytoplasmic side of the membrane. In the WT channel, opening and closing of the channel is controlled by another voltage-dependent mechanism that is absent or defective in D136G channels.
Investigation of Pore Properties
Ion selectivity, sensitivity to specific blocking agents, and the voltage-dependence of conductance were evaluated for both WT and D136G. In both WT and D136G-transfected H EK 293 cells, the E~, estimated from instantaneous current amplitudes after hyperpolarizing prepulses, depends linearly on In ( force for CI-and increased the current amplitude at negative potentials (data not shown). Both native and heterologously expressed recombinant CIC-1 channels are blocked by external I- (Palade and Barchi, 1977; Pusch et al., 1994) and by low concentrations of 9-anthracene carboxylic acid (9-AC; Bryant, 1962; Steinmeyer et al., 1991 b) . For WT and D136G channels, block by I-was tested by exchanging normal CI--containing external solution with a solution containing 40 mM Nal. With WT channels, external I-causes a decrease in instantaneous current amplitude, an altered deactivation time course, and an increase in steady-state current amplitude. With D136G channels, external I-diminished the steady-state current, although the instantaneous current increased slightly. The mutant is also sensitive to 9-AC to a degree similar to WT; at -135 mV, the current amplitude was reduced to 12% + 3% (n = 3) within 10 min. Presence of 9-AC also prevented current activation by hyperpolarization.
To describe permeation of CI-through the open channels, we made whole-cell recordings in symmetric CI-solutions after activation of the channels. Using voltage steps from a holding potential of 0 mV (W'I'; Figure 7A ) or follow- Vo.5 (mV) -50.0 ± 2.9 -53.3 + 3.3 -100.4 ± 8.6 -167.0 ± 13.0 -74.5 ± 5.5 -57.7 ± 4.5 kv (mV) -29.1 ± 3.4 -23.7 ± 4.3 -30.9 ± 4.7 24.7 ± 4.5 20.9 ± 3.6 16.2 ± 2.5 Minimum P,n,,,, 0.06 ± 0.03 0.14 ± 0.08 0.19 ± 0.02 0.04 ± 0.02 0.07 ± 0.02 0.33 ± 0.02
Data obtained from fits of single Boltzmann distributions to activation curves as shown in Figure 6 . Each value represents mean ± SD from at least 4 cells. 
Discussion
Two groups of hereditary disorders affecting skeletal muscle membrane excitability have recently been subjects of intense molecular genetic and biophysical investigation. These include disorders of the muscle voltage-gated Na+ channel (hyperkalemic periodic paralysis and paramyotonia congenita) and disorders of the CIC-1 channel (Thomsen's disease and recessive generalized myotonia). Naturally occurring point mutations in these two essential ion channels provide unique opportunities to study the relation between primary structure and function. In the case of the muscle Na ÷ channel, surprising lessons about channel function have been revealed by this approach (Chahine et al., 1994) . The work reported here has also produced unexpected findings that have increased our understanding about the fundamental mechanisms responsible for the function of the CIC-1 channel as well as clarified the molecular basis of myotonia.
Functional Consequences of the D136G Mutation
Diminished sarcolemmal gc~ as a cause of myotonia can most easily be explained by mutations that completely disable the conductance properties of the CIC-1 channel. This is most likely to occur with either nonsense or frameshift mutations that result in an incomplete coding sequence, or with missense mutations that disturb the integrity of the ion pore. Among the missense mutations reported so far in hCIC-1, only three have been functionally characterized. In each case, hCIC-1 mutations associated with either dominant (G230E and P480L) or recessive (R496S) myotonia failed to produce functional channels Lorenz et al., 1994) . Additional studies of the Thomsen's disease mutations led to the hypothesis that, although the mutant channels were themselves nonfunctional, they could still interact with the WT allele to form heteromultimeric channel complexes and have a dominant-negative effect on channel function . Our results with the D136G mutation are unique in demonstrating qualitative changes of channel properties, rather than quantitative changes in conductance, as a biophysical mechanism of myotonia. The D136G mutation is associated with an unusually severe degree of myotonia (Heine et al., 1994) , and our results help to explain this phenomenon. The changed gating properties of the mutant cause its pop,, to be zero at voltages positive to the Ec,. The very pronounced inward rectification of the mutant channel permits cell CI-efflux, but prevents cr influx. Trains of action potentials occurring during muscle activity would cause intracellular CI-depletion and shiff the Ec~ to very negative potentials. In this situation, gc~ would be disabled even at the resting membrane potential.
In adult skeletal muscle, CIC-1 is believed to be the pre-dominant conductor of CI- (Jentsch, 1994) . However, there are several lines of evidence indicating the presence of additional CI-channels expressed in muscle that result in a small gca (Burton et al., 1988; Chua and Betz, 1991; Thiemann et al., 1992; Weber-Sch~Jrholz et al., 1993) . Vaseline-gap voltage-clamp measurements on single muscle fiber segments from a muscle biopsy taken from a patient homozygous for a CIC-1 deletion revealed a small gc~ with kinetic properties different from that of CIC-1 channels (C. F., unpublished data). These additional Cl--conducting mechanisms could partially compensate for the absence of functional CIC-1 in myotonia congenita. In muscle fibers homozygous for D136G, internal CI-depletion will further decrease this small additional gc~ compared with fibers expressing nonfunctional channels, and this could explain the aggravated clinical status of patients carrying this mutation.
Structure-Function Implications
At present, there is little information on the fundamental gating and permeability mechanisms operating in CIC-1, and even less is known about the structural determinants of these processes. Our data comparing WT and mutant hCIC-1 have provided insight into one important aspect of the structure-function relation: evidence suggesting the existence of a voltage-sensing mechanism that underlies voltage-dependent gating of the channel. Substitution of glycine for an aspartic acid in the first putative membrane-spanning segment (D1) grossly distorts the voltage dependence of hCIC-1 gating, with virtually no effect on the permeation properties of the channel. These observations suggest that D136 does not contribute to the function of the ion pore, but rather resides in or near structures that determine the response of the channel to changes in membrane potential. Abnormal voltage dependence caused by the mutation is manifest in three ways: the voltage independence of relative amplitudes of fast and slow activation (see Figure 3) , the lack of voltage dependence of the time course of activation (see Figure 4) , and the absence of a fast voltage-dependent activation step (see Figure 5 ). These changes ultimately lead to a severe alteration in channel gating, allowing D136G to activate with hyperpolarization rather than deactivate like W-I" hCIC-1. With the D136G substitution, the activation of hCIC-1 no longer depends upon the applied voltage, but rather on the electrochemical gradient for CI-(see Figure 6) .
Recently, a model was proposed in which permeating ions confer voltage-dependent gating in the Torpedo electroplax CI-channel, CIC-0 (Pusch et al., 1995) . Our data, specifically the observation that the activation curve of the WT channel does not shift linearly with E~ (see Figure  6C ), suggest that permeation and gating are not strictly coupled in hCIC-1. The gating of CIC-1 also differs from that of CIC-0 in the absence of a slow inactivation gate (Steinmeyer et al., 1991b) . Furthermore, the D136G mutation dramatically changes the voltage dependence of gating without affecting permeation. These findings indicate that in hCIC-1 (54% amino acid identitywith CIC-0) a gating mechanism has evolved that is distinct from that of CIC-0, and this mechanism utilizes a voltage sensor.
Our hypothesis can be clarified further using a model we have proposed to explain the gating behavior of hCIC-I. In this model, we have suggested the existence of an internal blocking particle or gate whose affinity for the channel is determined by two intramembranous "voltage sensors" (Fahlke et al., 1995, Biophys. J., abstract) . During voltage transitions, these sensors undergo a rapid rearrangement that alters the affinity of the channel for the internal gate and determines whether the current is fast or slow, deactivating or activating. These fast rearrangements can be demonstrated in the W-I" channel with short prepulses to various potentials followed by a constant test pulse (see Figure 5 ). The absence of this fast gating processes in D136G (see Figure 5) , the voltage independence of the different components of current activation (see Figure 3) , and the probable intramembranous location of the affected residue suggest to us that the mutation may affect a voltage sensor.
A change in a voltage sensor that alters the voltage sensitivity of the channel's affinity for the proposed internal gate could prevent deactivation at hyperpolarizing potentials. The altered voltage sensitivity could also increase the sensitivity of gating mechanisms to channel occupation by permeant anions, similar to the mechanism described for the voltage sensitivity of charybdotoxin block of a large conductance Ca2*-activated K + channel (MacKinnon and Miller, 1988) and the proposed CIC-0 gating model (Pusch et al., 1995) . If either the voltage sensor itself or the coupling between the intracellular activation gate and the sensor is destroyed, the blocking properties of the intracellular gate would couple more strongly to the movement of permeating ions. This could explain the shift of the D136G activation curve with variation of the CI-equilibrium potential (see Figure 6B ), the alteration of the activation time constant with decreased [CI-]o, and the increase of steadystate current with depolarizing potentials at a positive Ec~. At voltages negative to the Ec~, internal CI-can displace the bound gate from its binding site within the pore. This mechanism also explains the voltage dependence of the activation time constants observed in D136G.
Experimental Procedures
Construction of WT and Mutant hCIC-1
Four overlapping cDNAs (hCICI-A, nucleotides [nt] 1-1416; hCIC1-B1, nt 1369-1891; hCIC1-B2, nt 1829-2236; hCICI-C, nt 2131-2999) encoding WT hCIC-1 were obtained by RT-PCR cloning from total human skeletal muscle RNA. A minimum of four RT-PCR clones were sequenced in their entirety, and those identical to published sequences were used for the assembly of expression constructs. Full-length hCIC-1 was made by sequential ligetion of the following restriction fragments into the plasmid pSP64T: hCICI-A NotI-BspHI (nt 1-1395), hCIC1-B1 BspHI-Ndel (nt 1396-1864), hCIC 1-B2 NdeI-Bglll (nt 1855-2152), and hCICI-C BgnI-EcoRI (nt 2153-2999). The final pSP64T/ hCIC-1 construct was verified by restriction enzyme analysis and dideoxynucleotide sequencing of the junctional regions. For functional expression studies in Xenopus oocytes, sense RNA was transcribed in vitro from EcoRl-linearized pSP64T/hCIC-1 using SP6 RNA polymerase in the presence of the methylated 5'-cep analog mTGpppGi. For expression in HEK 293 cells, the complete coding region of hCIC-1 was inserted into the mammalian expression plasmid pRc/CMV, and DNA for transfections was purified using Qiagen columns.
For site-directed mutagenesis, a 1.4 kb HindllI-Smal hCIC-1 fragment (nt 1-1358) was cloned into the vector pSELECT, and sense single-stranded DNA was rescued with R408 helper phage. The mutation D136G was made using an antisenss oligonucleotide (5'-CACTGACGTAGCCCATGCTCCAG-3~, and mutant clones were verified by dideoxynucleotide sequencing. Multiple independent recombinant mutant clones were subcloned back into the full-length hCIC-1 cDNA in both pSP64T and pRc/CMV vectors for expression studies.
Transfectlon To obtain cells expressing WT and D136G CI channels, HEK293 cells (ATCC CRL 1573) were transfected by the calcium phosphate precipitation method (Graham and van der Eb, 1973) using the plasmids pRc/ CMV-hCIC-1 and pRc/CMV-D136G, respectively. Oligoclonal cell lines were obtained by selection for resistance to the aminoglycoside antibiotic Geneticin (G418, Boehringer Mannheim, Germany). At 24 hr after transfection, cells were incubated in medium supplemented with G418 (800 pg/ml). After 10-28 days, G418-resistant foci were picked, plated in individual flasks, and electrophysiologically tested after growing periods of 3-6 days. Three different culture dishes of HEK 293 cells were transfected with WT hCIC-1 and D136G hCIC-1. After application of G418, 11 cell clusters were selected and roplated for electrophysiological tests. Cell lines in which more than 3 consecutively tested cells did not show current amplitudes >300 pA at -135 mV were classified as negative. Of the 11 cell lines, 6 were positive, and 3 of these were grown in culture for 4 months.
Whole-Cell Recording
Standard whole-cell recording (Hamitl et al., 1981) was performed using an EPC-7 amplifier (List, Darmstadt, Germany). Pipettes were pulled from borosilicate glass and had resistances of 1.0-1.3 M~. More than 60% of the series resistance was compensated by an analog procedure. The calculated voltage error due to series resistance was always <5 inV. No digital leakage and capacitive current subtraction were used. Currents were filtered with an internal 3 kHz filter of the amplifier and digitized at different sampling rates using pCLAMP (Axon Instruments, Foster City, CA). Time between test sweeps was at least 15s.
Three different pipette solutions were used: 130 mM CsCI, 2 mM MgCI2, 5 mM EGTA, 10 mM HEPES (standard internal solution); 50 mM CsCI, 80 mM CsCH3SO3, 2 mM MgCI2, 5 mM EGTA, 10 mM HEPES (intermediate internal CI-); and 10 mM CsCI, 120 mM CsCH3SO3, 2 mM MgCI2, 5 mM EGTA, 10 mM HEPES (low internal CI ). The bath solution contained either 140 mM NaCI, 4 mM KCI, 2 mM CaCI2, 1 mM MgCI2, and 5 mM HEPES (standard external solution) or 35 mM NaCI, 105 mM NaCH3SO3, 4 mM KCI, 2 mM CaCI2, 1 mM MgCI2, and 5 mM HEPES (low external CI-). External I-block was tested with 40 mM Nal, 100 mM NaCI, 4 mM KCI, 2 mM CaCI2, 1 mM MgCI2, 5 mM HEPES. All solutions were adjusted to pH 7.4 with CsOH (pipette solutions) or NaOH (bath solutions). Unless otherwise stated, standard solutions were used. For experiments with significant CI-gradients, agar bridges (3 M KCI in 0.1% agar) were used to connect solutions with the amplifier. Stock solution of 0.1 M 9-AC (Fluka, Neu-UIm, Germany) was prepared in dimethylsulfoxide (Sigma, Deisenhofen, Germany) and diluted 1:50 with external solution before adding to the bathing solution in a ratio of 1:20 (final concentration 0.1 mM).
Oocyte Preparation and Two-Electrode Voltage Clamp Xenopus oocytes were surgically removed and defolliculated by both enzymatic and manual methods. Oocytes were injected with 4.6 or 9.2 ng of cRNA and then incubated in Barth's solution (88 mM NaCI, 1 mM KCI, 2.4 mM NaHCO3, 0.3 mM Ca(NO3)2, 0.4 mM CaCI2, 15 mM Tris-HCI [pH 7.5]) at 20°C for 1-4 days before electrophysiotogical testing.
Standard two-microelectrode voltage clamp was performed using a CA-1 amplifier (Dagan Corp., Minneapolis, MN). Microelectrodes were pulled from borosilicate glass to have a resistance between 1.0 and 1.3 M~ when filled with 3 M KCI. The oocytes were bathed in a modified ND-96 containing 96 mM NaCI, 4 mM KCI, 1.8 mM CoCI2, 1 mM MgCI2, and 5 mM HEPES (adjusted to pH 7.5 with NaOH).
For testing the halide sequence of permeability, the following solutions were used: 96 mM NaBr, 4 mM KCI, 1.8 mM COCI2, 1 mM MgCI2, 5 mM HEPES; or 96 mM Nal, 4 mM KCI, 1.8 mM COCI2, 1 mM MgCI2, 5 mM HEPES. During the experiment, the bath potential was recorded and used to correct for junction potentials when necessary. Alterations from the clamp potential were always smaller than + 1 mV during these solution changes. All solutions were adjusted to pH 7.5 with NaOH.
Data Analysis Data were analyzed by a combination of pCLAMP programs and SigmaPIot (Jandel Scientific, San Rafael, CA). All data are shown as means _+ SD. For statistic evaluation, the Student's t test was applied, and 5% was chosen as the significance level. The time course of current activation or deactivation was fitted with a sum of two exponentials and a time-independent value as follows: I(t) = alexp(-t/~0 + a2exp(-t/~2) + d.
In the case of current deactivation, the relative current components were calculated by dividing by the peak current amplitude (Imp) after a depolarizing prepulse (+55 mV, >500 ms): A1 = a#lm~, A2 = a2/Im~, and C = d/Imp,. For current activation, the relative current amplitudes were calculated as A1 = -aJd, A~ = -a2/d, and C = 1 -(al + a~)/d. Steady-state activation curves were fitted with a single or double Boltzmann and a voltage-independent value: 
